T he nuclear envelope harbors numerous large proteinaceous channels, the nuclear pore complexes (NPCs), through which macromolecular exchange between the cytosol and the nucleoplasm occurs. This doublemembrane nuclear envelope is continuous with the endoplasmic reticulum and thus functionally connected to such diverse processes as vesicular transport, protein maturation and lipid synthesis. Recent results obtained from studies in Saccharomyces cerevisiae indicate that assembly of the nuclear pore complex is functionally dependent upon maintenance of lipid homeostasis of the ER membrane. Previous work from one of our laboratories has revealed that an integral membrane protein Apq12 is important for the assembly of functional nuclear pores. Cells lacking APQ12 are viable but cannot grow at low temperatures, have aberrant NPCs and a defect in mRNA export. Remarkably, these defects in NPC assembly can be overcome by supplementing cells with a membrane fluidizing agent, benzyl alcohol, suggesting that Apq12 impacts the flexibility of the nuclear membrane, possibly by adjusting its lipid composition when cells are shifted to a reduced temperature. Our new study now expands these findings and reveals that an essential membrane protein, Brr6, shares at least partially overlapping functions with Apq12 and is also required for assembly of functional NPCs. A third nuclear envelope membrane protein, Brl1, is related to Brr6,
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Integrating complex functions
Coordination of nuclear pore complex assembly and membrane expansion of the nuclear envelope requires a family of integral membrane proteins Roger Schneiter 1 and Charles N. Cole
Introduction
The nuclear envelope (NE) defines the boundary of the nucleus in eukaryotic cells and is composed of two distinct membranes, the inner and outer nuclear membranes, enclosing a lumenal space. The inner and outer nuclear membranes become fused to form specialized membrane tunnels in which nuclear pore complexes are constructed. The outer nuclear membrane is continuous with the endoplasmic reticulum (ER) and thought to perform ER functions. In yeast, the NE accounts for 20-30% of the ER and is thus functionally closely related to the ER. 1,2 The ER is the major site of lipid synthesis and most lipid biosynthetic enzymes are integral ER membrane proteins. 3 How the NE-ER balances membrane expansion through lipid synthesis while maintaining its other functions as well as its characteristic shape, however, is not well understood. The recent characterization of three integral membrane proteins of the NE in Saccharomyces addition, proteins that affect membrane curvature of the ER, the reticulons and Yop1/DP1, are important for early stages of nuclear pore assembly, perhaps by stabilizing high curvature at the site of pore insertion and fusion of the inner and outer nuclear membranes. 22 Several NPC components whose function in transport is documented have also been tied to cellular activities distinct from their roles at the NE. A wealth of recent data has documented the function of Nups in microtubule attachment to kinetochores. 23, 24 In addition, NPCs are involved in chromatin organization and gene expression. 25 And a recent screen for essential genes that are required for maintaining proper localization of NPCs also uncovered components of the RSC chromatin-remodeling complex, suggesting that NE structure is functionally linked to proper chromatin architecture.
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Apq12, an Integral Membrane Protein Links NPC Assembly to Membrane Fluidity
APQ12 encodes an integral membrane protein of the nuclear envelope and ER and is required for efficient NPC biogenesis. 27 Screens to identify non-essential yeast genes possibly involved in mRNA export or mRNA processing demonstrated that cells lacking APQ12 showed defects in these processes. 28, 29 Apq12-GFP localizes to the nuclear periphery and the ER, but it is not a Nup because its distribution is unaffected by mutations that cause NPCs to cluster. 28 A role for Apq12 in cell division has been suggested because loss of APQ12 leads to synthetic growth defects with mutations affecting genes coding for spindle pole body (SPB) proteins and other proteins involved in cell division. In the absence of APQ12, anaphase is delayed, and re-replication of DNA before completion of cytokinesis is also observed. 30 Cells lacking APQ12 are cold sensitive for growth and display a temperaturedependent defect in NPC assembly. At the restrictive temperature of 16°C, several Nups, including all Nups that are components of the cytoplasmic filaments (CF) of the NPC, mislocalize to cytoplasmic foci. Components of the nuclear late in mitosis (reviewed in refs. 9 and 10). S. cerevisiae has a closed mitosis in which the nuclear envelope remains intact, and the majority of Nups appear to remain associated with the NPC during mitosis. 11 Eukaryotes with closed mitosis also lack lamins, nuclear intermediate filament proteins that provide a structure to the nucleus and play roles in chromosome organization, DNA replication, maintenance of nuclear shape and distribution of the NPCs. 12 In S. cerevisiae, segregation of NPCs into the daughter cell at anaphase is restricted at the bud neck by a septin-dependent lateral diffusion barrier. 13 NPCs in the daughter cell are thus formed primarily through de novo insertion. Nups that are integral membrane proteins are thought to initiate NPC construction within the NE and coordinate the early steps of NPC biogenesis. Relatively little is known about how these Nups find one another or the extent to which Nups associate into subcomplexes before their assembly into NPCs, 14 and nothing is known about the mechanism by which the inner and outer nuclear membranes become fused. In the filamentous fungus Aspergillus nidulans, which undergoes a closed mitosis, a subset of Nups, however are dispersed and this is coincident with an altered NPC permeability. 15 This indicates that at least some fungal species have ways to alter the nuclear permeability barrier without going through an open mitosis and the associated NPC disassembly. Partial disassembly of NPCs via release of peripheral Nups has also been noted in starfish oocytes prior to nuclear envelope breakdown. 16 Several factors in addition to Nups have been implicated in NPC biogenesis. These include components of the Ran GTPase system that also controls the directionality of karyopherin-mediated transport and regulates key events during cell division (reviewed in refs. 17 and 18). Cells carrying specific mutant alleles affecting these proteins showed mislocalization of nucleoporins as well as accumulation of nucleoporin-containing cytoplasmic vesicles. [19] [20] [21] Proteins involved in ER to Golgi trafficking, including components of the COPII coat, have also been implicated in NPC assembly. 20 In cerevisiae may provide clues to begin to understand how NPC assembly is coordinated with membrane expansion and lipid synthesis. Nuclear pore complexes (NPCs) are large macromolecular assemblies through which all transport between the nucleus and the cytosol occurs (reviewed in refs. 4 and 5) . NPCs show eightfold rotational symmetry perpendicular to the NE and two-fold symmetry in the plane of the NE. They are constructed using multiple copies of ∼30 proteins, termed nucleoporins (Nups), most of which are highly conserved in eukaryotes. The NPC itself can be divided roughly into three domains: the nuclear basket, the central core, and the cytoplasmic filaments. The basket and cytoplasmic filaments are composed of Nups that are found solely in those structures, whereas Nups of the central core are localized symmetrically on both the nuclear and cytoplasmic sides of the NE. Multiple integral membrane proteins are components of NPCs and these have been implicated in both the organization and proper assembly of NPCs. Although genetic and biochemical analyses have advanced the identification of Nups as well as their localizations and interactions within the NPC, the mechanism of NPC biogenesis is less well understood.
Most nucleocytoplasmic transport is mediated by members of the karyopherin family of receptors that include multiple importins, exportins and transportins, most of which are specialized for either import or export. These receptors recognize localization signals in their cargoes and are transported with their cargoes through the central channel of the NPC. mRNAs are exported in a complex with proteins, forming messenger RNP complexes, which are exported by binding to the mRNA export factor, Mex67. 6 The NPC plays a mechanistic role in transport by providing docking sites for these transport complexes, thereby facilitating their translocation through the pore. 7, 8 In metazoan cells NPC assembly takes place by de novo assembly during interphase, when the number of NPCs doubles, and by re-assembly of NPCs when a dispersed nuclear envelope reassembles sterols in the ER of animal cells result in depletion of ER calcium stores, induction of the unfolded protein response (UPR) and ultimately apoptosis. 37 These observations indicate that Brr6 has an essential function in regulating lipid homeostasis in the NE-ER, thereby impacting NPC formation and nucleocytoplasmic transport.
Brl1, a Third Nuclear Envelope Protein is Functionally and Structurally Related to Brr6
Mutations in a third gene, BRL1 (BRR6-like 1) also result in mislocalization of Nups and mRNA-export defects similar to those observed in BRR6 and APQ12 mutants.
38 BRL1 was identified as a suppressor of a temperature sensitive exportin 1 (Xpo1) mutant, a major karyopherin required for nuclear export of most proteins and ribosomal subunits. 38 ,39 Brl1 appears to be functionally related to Brr6, because overexpression of BRR6 suppresses the growth defect of BRL1 mutants, and conditional mutations in BRL1 are synthetically lethal with brr6-1. However, neither can restore viability to strains lacking the other gene entirely. 38 Moreover, unlike BRR6, overexpression of BRL1 cannot suppress defects resulting from the absence of APQ12. 34 Like BRR6, BRL1 is essential, and encodes an integral membrane protein of the NE. The C-terminal half of Brl1 shows substantial homology to Brr6 and deletion analysis of Brl1 indicates that this conserved domain is functionally important. The domain contains four conserved cysteines and mutations at one of these cysteines renders Brl1 temperature sensitive, suggesting that disulfide bridges could play a role in forming a putative Brr6/Brl1 complex. 38 35, 36 Cells carrying the conditional brr6-1 allele show mislocalization of CF Nups but not nuclear basket Nups, similar to what is observed in cells lacking APQ12. In addition, brr6-1 mutants are hypersensitive to drugs that inhibit sterol or fatty acid synthesis, whereas the APQ12 mutant is sensitive only against the fatty acid synthesis inhibitor. Consistent with this broader drug sensitivity, brr6-1 displays strong genetic interactions with mutants that affect sterol biosynthesis or fatty acid elongation. Biochemical analyses revealed that brr6-1, but not APQ12 mutant cells contain dramatically elevated levels of two classes of neutral lipids, steryl esters and triacylglycerols. Because brr6-1 cells, but not wild-type cells, are non-viable if neutral lipid synthesis is blocked, overproduction of these storage lipids is functionally essential in these mutant cells. This observation is particularly intriguing and suggests that these cells accumulate elevated levels of free sterols in the ER that need to be "neutralized" by esterification so that they do not adversely affect ER and NE function. Elevated levels of free basket and most components of the central structural framework of the NPC, including the integral membrane Nups, however, are not mislocalized. Because relocalization of Nups in APQ12 mutant cells depends on ongoing protein synthesis, Apq12 affects NPC biogenesis rather than the stability of pre-existing NPCs. These observations suggest that the cytoplasmic foci observed in APQ12 mutant cells contain Nup subcomplexes that are unable to be assembled into functional NPCs. 27 Remarkably, proper localization of CF Nups in APQ12 mutant cells is restored upon addition of low levels of benzyl alcohol to the medium. Benzyl alcohol is thought to increase the fluidity and flexibility of membranes. 31 Addition of benzyl alcohol not only prevents Nup mislocalization but also restores proper localization of Nups that had accumulated in cytoplasmic foci. Since normal Nup localization is restored even when protein synthesis is blocked by cycloheximide, restoration of the normal NPC distribution reflects assembly of preexisting and mislocalized Nups or Nup complexes into functional NPCs. The restored NPCs in APQ12 mutant cells treated with benzyl alcohol are functional because the mRNA export phenotype is also rescued. Thus it is likely that the defects in mRNA export, pre-mRNA processing, and cell division of APQ12 mutant cells are indirect consequences of altered membrane fluidity. On the other hand, defects in nuclear transport can affect phospholipid biosynthesis and thus membrane properties. One of the enzymes involved in phosphatidylcholine biosynthesis, for example, requires importin β/Kap95 mediated nuclear import for its full in vivo activity. 32 Since mutants that affect nuclear import do not generally display NPC assembly defects, the function of Apq12 in the dynamics of the NE appears to be independent of its defect in mRNA export. 27 Interestingly, increasing the amount of benzyl alcohol beyond the level used to suppress apq12 phenotypes causes Nup mislocalization in wild-type cells. 33 This suggests that NPC assembly is sensitive to the fluidity of the NE and that the observed defects in NPC assembly In S. cerevisiae where lamins are absent, it may be that nuclear envelope proteins such as the Brr6/Brl1 family contribute to gene expression through interactions with the nuclear pores and the transport machinery. 38 In support of this hypothesis, increased membrane fluidity with benzyl alcohol treatment prevents structural defects and NPC mislocalization in a conditional mutant of the RSC chromatin-remodeling complex.
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Lipid Composition and Synthesis in the ER Affect Nuclear Structure and NPC Distribution/Assembly
A number of earlier studies indicate that the shape of the nucleus and the function more closely related to Brl1 than to Brr6. No homologues have been so far found in metazoans or plants, in which the nuclear lamina formed from lamins is disassembled early during mitosis. During the evolution of metazoans, lamins evolved around the same time that the transition from closed to open mitosis occurred. It has been suggested that open mitosis may have co-evolved with lamins to circumvent a possible interference of lamins in chromosome segregation under conditions where the nuclear envelope would not dissasemble. 40 The presence of lamins may confer a selective advantage on metazoan cells, allowing for greater complexity in nuclear organization or efficiency in gene expression or nuclear signaling. which may be in addition to their roles in maintenance of nuclear envelope functionality. Although Brl1 and Brr6 may function independently in membrane homeostasis, the observation that they interact with each other in a two-hybrid analysis suggests that they assemble into a single complex that functionally corresponds to SpBrl1. 38 Disruption of either Brr6 or Brl1 may abolish or reduce the functionality of this putative complex in S. cerevisiae.
Intriguingly, Brr6/Brl1 homologues are found throughout the fungi and lower eukaryotes that carry out a closed mitosis, including Candida glabarata and Cryptococcus neoformans. Most of these organisms encode a single protein that is Figure 1 . Possible function of Apq12, Brr6 and Brl1 in temperature adaptation. Under constant temperature conditions, the membrane-sensing complex composed of Apq12, Brr6 and Brl1 (colored in green, red and blue) would sequester a putative regulatory factor and thus turn off adaptive changes (e.g., altered expression of lipid modifying enzymes). Upon a temperature shift to 15°C, the membrane-sensing complex releases this regulatory factor to initiate the adaptive response. Upon successful temperature adaptation, the functionally restored membrane-sensing complex sequesters the regulatory factor again and thus turns off the adaptive change. Defects in Apq12, Brr6 or Brl1 would result in unproductive initiation and/or termination of the adaptive response.
with the hypersensitivity of brr6-1 cells to benzyl alcohol. If this were the case, then the primary defect might be the inability of cells to sense when proper membrane composition and dynamics had been restored following a temperature shift (Fig.1) . Further studies are now required to understand the mechanisms by which APQ12, BRR6 and BRL1 affect lipid metabolism and nuclear membrane homeostasis, and how this impacts NPC biogenesis.
homeostasis (reviewed in refs. [52] [53] [54] . How fluidity and other biophysical properties of membranes are sensed and how this information is transduced to adjust lipid synthesis and membrane composition is not well understood. Fluidity sensors are thought to respond to decreased temperature in part through activating fatty acids desaturases, which introduce double-bonds into acyl chains of fatty acids and phospholipids. 55 The double bond introduces a kink that disrupts acyl chain packing in the lipid bilayer, thereby helping to maintain normal fluidity. Increased incorporation of oleate into phospholipids therefore would be expected to increase membrane fluidity. 56 Yeast has a single essential fatty acid desaturase, Ole1, whose transcription is tightly regulated. 57 Mga2 and Spt23, two homologous membrane-associated transcription factors related to mammalian NFκB, are proteolytically released from their membrane association when cells sense the need to activate OLE1. 58 Neither Mga2 nor Spt23 is essential, but cells lacking both are not viable. 59 Consistent with a role in regulating membrane fluidity, brr6-1 is synthetic lethal with mutants lacking either MGA2 or SPT23. 34 Morphological defects in the NE observed following a shift of an mga2 spt23-ts mutant to non-permissive temperature indicate that membrane fluidity impacts NE structure. 59 Cells lacking Ole1 are able to grow when supplemented with unsaturated fatty acids (UFA) but the membrane abnormalities seen following depletion of UFA are substantially more severe than those seen in mga2 spt23-ts cells. 59 If APQ12 or BRR6 mutant cells were defective in their ability to induce modifications in membrane composition in response to a shift to lower temperature, it might be expected that supplementing the medium with oleic acid would partially suppress the defects. Oleic acid supplementation, however, does not suppress the growth phenotype of BRR6 and APQ12 mutants. 34 Rather, both mutants are hyper-sensitive to oleic acid. This suggests that the observed effects of these mutations in NE function might reflect an excess of membrane fluidity at lower temperatures, which is consistent of NPCs are related to lipid composition of the ER membrane. A conditional mutation in ACC1/MTR7, which encodes acetyl-CoA carboxylase, was isolated in a screen for mRNA-export mutants. 41, 42 Acc1 is essential and catalyzes the synthesis of malonyl-CoA, the key building block for synthesis and elongation of fatty acids. mtr7-1/acc1-7-1 mutant cells have abnormal NPCs and mislocalized Nups, and are defective in the synthesis of verylong-chain fatty acids. These observations suggested that very-long chain fatty acids might have a role in NPC assembly, perhaps by helping to bring together the INM and ONM at points where fusion is to occur when NPC are assembled. [42] [43] [44] Cells lacking an ER-NE associated protein phosphatase implicated in regulation of lipid biosynthetic genes have abnormal nuclear morphology including extensions of the NE that contain NPCs similar to what is observed in brr6-1 cells. 45 This heterodimeric phosphatase is composed of the catalytic subunit Nem1 and the regulatory subunit Spo7. One identified target of this phosphatase is Pah1/Smp2, which is a homologue of mammalian lipin, a gene that is expressed at high levels in adipose tissue. 46, 47 Pah1 has phosphatidic acid phosphatase activity and thereby controls conversion of phospholipids into triacylglycerols. 48 Overproduction of Pah1 restores normal nuclear membrane structure to NEM1 and SPO7 mutant cells, indicating that lipid homeostasis is crucial for maintaining a proper structure of the NE. The role of NEM1, SPO7 and PAH1 in regulating nuclear membrane structure and expansion is conserved from yeast to humans. [49] [50] [51] Do Apq12, Brr6 and Brl1 Affect the Functioning of a Membrane-Fluidity Sensor?
An interesting possibility to account for defects in NPC assembly, NE structure and lipid synthesis in cells lacking APQ12, or carrying mutant alleles of BRR6, or BRL1 is that these mutations impact the ability of cells to sense environmental changes that normally trigger modifications in membrane composition needed to maintain membrane
